This work explains the spatial arrangement of two derivatives of 1-phenyl-2H,6H-imidazo [1,5-c]quinazoline-3,5-dione (PIQ), i.e., diester 2,6-bis(ethoxycarbonylmethyl)-1-phenylimidazo[1,5-c]quinazoline-3,5-dione (BEPIQ) and 2,6-bis(2-hydroxyethyl)-1-phenylimidazo[1,5-c]quinazoline-3,5-dione (BHEPIQ). Studies of a single crystal by X-ray crystallography showed a different way of arranging the diol and diester molecules in the crystals. Quantum-mechanical modeling showed the overlapping of the highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals (LUMO) of BEPIQ enantiomeric molecules in relation to each other in the Bhead to tail^position. The formation of charge-transfer complexes stabilizes the system and is responsible for the packing density of the BEPIQ molecules in the crystal. The BEPIQ enantiomeric pairs are positioned at an angle of 67°to each other forming the herringbone in the crystal lattice. In addition, the BEPIQ crystal has the ability to form inclusion compounds. Based on the calculations, it was found that the overlapping of molecular orbitals of BHEPIQ molecules is not possible. It results from a different distribution of electron density in imidazoquinazoline ring as compared to the molecule of the BEPIQ. The formation of intermolecular hydrogen bonds is responsible for the spatial arrangement of the BHEPIQ molecules. The BHEPIQ molecules are arranged in a Bhead to head^position, and in the crystal, they form stackings.
Introduction
There are interactions between molecules in the crystal that keep them close to each other. Intermolecular interactions can be divided into long-range (attractive forces) and short-range interactions (repulsive forces). The result of these interactions leads to a state of equilibrium. The attractive interactions include van der Waals interactions and interactions related to the transfer of charge, i.e., hydrogen bonds, π-π interactions, or charge-transfer complexes.
The van der Waals interactions are weak interactions between the molecules. They are the sum of forces: dispersive, electrostatic, inductive, and repulsive. The attractive forces keep the atoms close to each other. In turn, the repulsive forces are the result of the repulsion of nuclei and non-valence electrons. For each atom, it is possible to indicate the so-called van der Waals radius in determining the distance that two solidstate atoms can approach without interactions between their valence electrons [1] [2] [3] .
Molecules with an even distribution of electric charge can attract each other by close contact of electrons in the external sphere of atoms and the formation of temporary asymmetries in charge distribution. These interactions are called dispersive. Between molecules with stable dipole moments, attractive electrostatic interactions of the dipole-dipole type can also be created, in which a positive dipole charge of one molecule approaches the negative dipole charge of another molecule. The dipole moment can also be induced in a molecule which is close to the polar molecule. These are called induced interactions [4] .
A hydrogen bond is an interaction in which a hydrogen atom is attracted by two highly electronegative atoms between which it is located. The hydrogen electron moves towards the atom with which the hydrogen does not form a covalent bond. [5] [6] [7] .
Interactions of π-π occur when two aromatic rings form planes that are parallel to each other. The distance between the planes of the rings is usually 3.3-3.6 Å. The dispersive interactions have the largest share in the interactions of π-π. Electrostatic interactions are the factors determining the geometry of the complex [8] [9] [10] [11] .
The charge-transfer interactions are another interaction type in this type of complexes. They appear when the electron-acceptor groups are substituted at the aromatic ring.
Complexes with charge transfer are molecular adducts or aggregates generated by the connection between the electron donor and the electron acceptor, where the association results from non-covalent interactions [12, 13] .
Charge-transfer complexes involve two molecules that exhibit weak relative attraction, which is stronger than van der Waals forces and weaker than a hydrogen bond. In such a system, the charge is transferred from one molecule to the other. It results in the formation of a very weak binding molecular orbital, in which a small proportion of the acceptor orbital is included in the wave function of the donor's orbital.
Due to the mentioned interactions, aromatic rings (homoand heterocyclic) tend to aggregate. The flat arrangement of the rings is often conducive to high-density packing of molecules in the crystal.
The most common ways of packing aromatic molecules in a crystal are stackings and herringbone. Stackings are the arrangement of flat or almost flat particles in the columns, one above the other. In this arrangement, the aromatic rings are spaced only by 3.3-3.6 Å. Two molecules arranged in parallel with the rings may be aligned with each other Bhead to headî f groups attached to the rings lie directly above each other or Bhead to tail^when attached groups lie on opposite sides. Fig. 1 Reaction scheme of PIQ with two-molar excess ethyl bromoacetate and ethylene oxide Fig. 2 The BEPIQ crystal lattice with the details of the unit cell. The figure does not show all molecules building the crystal but only the BEPIQ molecules, the benzene (solvent) molecules are omitted A herringbone arrangement means packing in which the planes of neighboring molecules are inclined with respect to each other, usually by an angle of 70-90°. In both types of structures, characteristic interactions appear [14] [15] [16] [17] [18] [19] [20] .
Charge-transfer complexes are very popular among researchers due to their wide application in many fields, including as organic semiconductors [21] , organic solar cells [22] , and substances used in photocatalysis [23] , and due to their electrical properties [24, 25] .
For several decades, the subject of interest in organic physic-chemistry is the design of electronic organic materials based on complexes with charge transfer [12, 13, [26] [27] [28] [29] .
Recently, complexes with charge transfer are of great importance in the field of drug receptor research and DNA chain binding as well as antibacterial and antimicrobial tests [30] .
The aim of the work is to explain, on the basis of quantummechanical calculations, a different spatial arrangement of 1-phenyl-2H,6H-imidazo [1,5-c] Theoretical calculations were carried out using the DFT methods using the B3LYP functional and the 6-311++G(d,p) basis set. Quantum-mechanical modeling was aimed at optimizing the structure of the considered derivatives, calculating geometrical parameters, electrostatic molecular potential, and atomic charges by the natural bond orbital (NBO) method. In addition, the distribution of electron density of individual molecules and forming complexes with charge transfer was calculated (HOMO and LUMO).
The main aim of the article is to show that the crystal structure of the tested PIQ derivatives is related with the formation of complexes with charge transfer by molecule's BEPIQ enantiomers and the hydrogen bond's presence in the case of the BHEPIQ molecules.
Methodology
The computational studies of the BEPIQ and BHEPIQ molecules were carried out using the Gaussian 09 application [31] . This tool was used to calculate bond lengths, bond angles, dihedral angles, atomic charges, maps of molecular electrostatic potentials, and surface characteristics of the highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular orbitals (LUMO) of the complex with charge transfer of the BEPIQ molecules. Furthermore, the bond-length alternation (BLA) parameter was calculated. The optimization of dimer structure taking into account the effect of environment polarization was made with model IEFPCM which couples both the PCM and COSMO models. The optimization calculations and the single-point calculations were made using the DFT methods [32] , using the B3LYP functional and the 6-311++G(d,p) basis set [33] , taking into account the Grimme correction for dispersion interactions. The modeling of potential energy surface was made using the 6-311++G(d,p) basis set [34, 35] . Structure visualization was performed using GaussView [36] and Mercury [37] , while the Hirshfeld surface-CrystalExplorer [38] . The structure of the analyzed derivatives has been confirmed by the instrumental methods, including single-crystal studies using a structural X-ray analysis, in what was described in detail in [39, 40] . A thorough analysis of the BEPIQ unit cell showed there are two slightly different molecules present. They are represented on pictures by blue and pink colors in Fig. 2 . The blue and pink molecules forming the pair are shown in Fig. 4 . They are related to each other by pseudo-inversion center because the dimer is not exactly centrosymmetric. In the P212121 space group describing the symmetry of the crystal, the center of symmetry is not present. They differ slightly, mainly by a torsion angle change of carboxylic groups. Therefore, a pair of enantiomers can be observed in the non-centrosymmetric space group.
Discussion of results
The ester substituents assume a position parallel to the plane of the imidazoquinazoline ring. The quinazoline rings are arranged exactly one above the other, but rotated by 180°i n the plane, i.e., the molecules are in the Bhead to tail^posi-tion, as shown in Fig. 4 .
The distance between the planes of the imidazoquinazoline rings is 3.5 Å. This arrangement of the BEPIQ enantiomeric molecules suggests the interaction of π-π between the aromatic rings [8] .
In order to find the causes of the placement of the BEPIQ enantiomeric molecules, quantum-mechanical modeling was performed. Calculations made in the single point for the BEPIQ enantiomeric pair revealed the overlapping of HOMO and LUMO. The HOMO and LUMO shapes of the BEPIQ enantiomeric pair are shown in Fig. 5 .
Electron transfer between the imidazoquinazoline rings of individual BEPIQ enantiomeric pairs is made possible by the difference in charge distribution in the quinazoline rings. The point charges of the BEPIQ enantiomeric molecules are shown in Figs. 6 and 7. The dimer of the BEPIQ enantiomers is not exactly centrosymmetric. Therefore, the values of point 
charges resulting from the calculations done for this dimer do not fully obey this symmetry. For example, the charge of the C8 atom on one molecule does not equal to the charge of the C8 atom on the second molecule, it is − 0.228 vs. − 0.219, respectively. As shown in Fig. 5 , in the case of HOMO, there is one region of overlapping of the orbitals of the two enantiomers at the quinazoline ring condensation site, i.e., within the C7-C12 bond. In turn, LUMO overlaps in two places. The overlapping of the electron cloud of the C7-C8 bond of one enantiomer and the C12-C13 bond of the other enantiomer, and the C7-C8 bond of the other with the C12-C13 bond of the first enantiomer, is visible.
The calculations of atomic charges for single molecules and for a pair of molecules were done. It appeared that distribution of point charges in a pair of molecules differs from the distribution in a single molecule. Especially, the differences refer to carbon atoms in the imidazoquinazolinedione ring, especially in the range of orbitals overlapping (C1, C7, C8, C9, C10, C12, and C13). It confirms the charge transfer between them. Additionally, the BLA parameter was calculated for the single-optimized molecule of BEPIQ and molecules within the dimer (Table 1 ). The charge transfer leads to a geometric distortion and the BLA parameter shows geometrical evolution of the molecular architecture. The value of BLA of the dimer is clearly reduced compared to that of a single BEPIQ molecule. The value changed from − 0.02255 to − 0.02535 Å and from − 0.02255 to − 0.02605 Å for molecule GE′ and HF′, respectively (Table 1) . Even greater changes are observed in the bond area of direct overlap of molecular orbital (C 8 -C 7 , C 7 -C 12 , and C 12 -C 13 ). They are − 0.01049 and − 0.01386 Å for molecule GE′ and − 0.01048 and − 0.01656 Å for molecule HF′ (Table 1) .
Considering the values of the charges of atoms in the dimer molecules and the single molecule, it can say that upon dimer formation, atoms C8 and C7 from one molecule accept a negative charge from atoms C12 and C13 of the second molecule (and vice versa). In turn, considering the values of the charges of atoms in the lower and upper dimer molecules, the largest difference is observed for atom C8 and is 0.009. Atom C8 in the upper molecule has a point charge of − 0.228 and in the lower − 0.219. If we assume that this is the decisive value, the upper one molecule is the donor and the lower molecule is the acceptor in the resulting complex with the charge transfer.
The quantum-mechanical calculations described in the previous article [39] have shown that four pairs of BEPIQ enantiomers, shown in Fig. 8 , are thermodynamically stable.
They can undergo mutual transformation due to the rotation of the ester substituents around the N6-C24 and C24- Fig. 8 Thermodynamically stable BEPIQ isomers Fig. 9 The change of energy of the BEPIQ molecule (b) due to the change in angles α and β of ester substituents (a); projection from above (c) C25 bonds, i.e., the corresponding change in angles α and β are shown in Fig. 9a .
Assuming the equal angle of rotation of 15°for both bonds, the energy for each determined isomer was calculated, giving a total of 576 isomers arranged in a 24 × 24 grid. Treating their energy (single-point energy) as a value on the Z-axis, the spatial visualization of potential energy surface (PES) was obtained. As is visible in Fig. 9b , the Bpeak^points are the highest energy isomers, while Bvalleys^are the most stable isomers.
By projecting from the top such a 3D scan, we get a Bmap (  Fig. 9c) with colors reflecting the values. The lighter the blue means the isomer has a more stable structure. Four local minimums (1, 2, 3, and 4, additionally marked with green dots) correspond to the following isomers: G-E′, C-E′, B-E′, E-E′ (shown in Fig. 8 ). It is worth noting that Bvalleys^connecting, e.g., points 1 and 3 have very low saddles, i.e., the difference in energies on the path between the G-E′ and B-E′ isomers is relatively small (less than 30 kJ/mol) and, as shown in [39] , Fig. 10 Distances between the imidazoquinazoline ring planes of the enantiomeric pairs BEPIQ resulting from the structure optimization Table 2 Comparison of the length of the bonds, the angles between them, dihedral angles, and distances between corresponding atoms that affect electron cloud sharing, according to the atom numbering of BEPIQ shown in Fig. 6 Signature enables spontaneous transformation. Even lower energy differences (ca. 10 kJ/mol) are in the way of G-E′ transformations in C-E′ (point 1 and point 2, respectively). The transformation paths are schematically marked with a red-dotted line in Fig.  9c . Their arrangement shows that each of the four stable isomers can spontaneously transform into other ones. Observe, of course, the fact that for mirror reflections of these four isomers, there is an analogous Bmap^and the corresponding isomers form pairs: W, X, Y, and Z. Since the crystal is formed by only one pair of enantiomers (W pair), the question arose whether the other three pairs of the BEPIQ enantiomers could also form complexes with charge transfer. Or is the formation of a crystal restricted to pairs of W enantiomers?
The distance between the planes of the imidazoquinazoline rings of the enantiomeric molecule W forming the crystal is about 3.5 Å. Therefore, the other three pairs of enantiomers X, Y, and Z were set similarly to the W pair. The enantiomeric molecules were positioned to each other as close as possible, i.e., to the length of the van der Waals radius of the hydrogen atoms located the closest to each other.
The distance between the planes of the imidazoquinazoline rings in the next two pairs of the enantiomers X and Y is 4.0 Å. It is too large for the overlapping of molecular orbits [1] [2] [3] . At the same time, the distance between the enantiomeric planes in the fourth pair of enantiomer Z is determined to be 3.0 Å. Therefore, the process of optimizing the structures of the four pairs of enantiomers was carried out, which resulted in quite unexpected results shown in Fig. 10 .
The structure of individual W enantiomers and their orientation in relation to each other in principle do not changeonly the distance between the planes of the imidazoquinazoline rings decreased to 3.3 Å.
In the case of the other three pairs of enantiomers, changes are visible both in the structure of enantiomers and in their mutual arrangement. Structural changes are primarily the deformation of the plane of the rings from the form B| |^to form B( )^in which the central portions of the imidazoquinazoline rings are further apart than their outermost portions. The distance between the planes of the imidazoquinazoline rings (at the most distant positions) in all the pairs of enantiomers is about 3.3 Å. This would not be possible without the simultaneous changes in the mutual arrangement of the enantiomers. In Fig. 10 , this is clearly seen in a pair of Yenantiomers, where the shift took place in both directions of the plane of the imidazoquinazoline rings. In addition, in the optimization process, structural changes have undergone substituents. It can be seen, for example, in the angle of inclination of the phenyl ring to the plane of the imidazoquinazoline ring in a pair of X enantiomers.
In contrast to the others, only a pair of W enantiomers is characterized by a bond arrangement shown in Fig. 6, i. e., the proper spacing of the rings from each other, the space structure arrangement of the substituents, and the nearly flat imidazoquinazoline rings.
It should be mentioned that the imidazoquinazoline rings in the pair of W enantiomers are not flat. As can be seen in Table 2 (with reference to Fig. 6 ), the angle of inclination of the six-membered planes of the rings included in the imidazoquinazoline ring is not equal to 180°. The difference is small (~1°); however, it is observable in the crystal as well as in the results of quantum-mechanical calculations. It is worthwhile to pay attention to small differences (between those measured in the crystal and those obtained as a result of calculations) between selected enantiomeric atoms. The distances, between the atoms C8, C7, C12, and C13 of one molecule and the C13, C12, C7, and C8 of the other molecule, differ by about 0.1 Å (Table 2) . However, the differences in Fig. 11 Herringbone-packing scheme of the BEPIQ enantiomers the length of the bonds or the angles between these atoms are several times smaller. The observed differences in bond lengths are very small whereas the ones in the angles are almost none for single-molecule GE′ and HF′ or dimer. A more noticeable difference concerns the values of dihedral angles ( Table 2 ). The location of the ester substituents relative to the plane of the imidazoquinazoline ring is also important in the point of view of spatial packing. In the case of the enantiomeric pairs of W and Z, the ester substituents are arranged in the trans configuration. However, both substituents, in the pair of W enantiomers, are in a parallel position to the imidazoquinazoline ring, and in the pair of Z enantiomers, one of the substituents assumes a parallel position and the other is perpendicular. The parallel arrangement of both substituents provides a higher packing density of the BEPIQ molecules in the crystal lattice. A spatial discharging takes place, as in the case of disubstituted cyclohexane derivatives with the preferential equatorial position of substituents [41] .
The influence of environmental polarization was also considered. The following solvents benzene, chloroform, acetone, and methanol were taken into account. The structure optimization of the dimer shows that the largest distances between the suitable atoms (first column at Table 3 ) are in non-polar benzene. This may be due to the fact that the imidazoquinazoline ring planes are a little bit shifted to each other. The smallest distances were obtained for chloroform and acetone, but a slight shift of planes was visible. Notwithstanding, the minimal plane shift occurs for non-solvent optimization what best suited the crystal.
When considering the structure of the BEPIQ crystal lattice, it was noticed that the W enantiomeric pairs are arranged at an angle of about 67°to each other and form the so-called herringbone. The characteristic way of the BEPIQ packing in the crystal is shown in Fig. 11 .
It is noted that there are gaps in the given BEPIQ lattice layer, which consequently form regular, open tunnels, as shown in Fig. 12 .
It should also be noted that in the BEPIQ crystal lattice tunnels, there are benzene molecules, which were the solvent used for crystallization. The presence of benzene molecules is shown in Fig. 13 . It follows that BEPIQ has the ability to form inclusion compounds [42] .
Considering in turn the arrangement of the BHEPIQ molecules in the crystal (Figs. 3 and 14) , it was noticed that there are two different molecules present. They differ mainly by torsion angle between phenyl substituent and central fused rings. It was described in detail in [40] .
The imidazoquinazoline rings of individual pairs of molecules are arranged parallel to each other. However, this is not the centrosymmetric arrangement as in the case of the BEPIQ enantiomers. In addition, one of the hydroxyethyl substituents assumes a parallel position and the other one is perpendicular to the plane of the imidazoquinazoline ring. The molecules are arranged in the Bhead to head^position.
Quantum-mechanical modeling confirmed that with this non-centrosymmetric arrangement of the BHEPIQ molecules, overlapping of their HOMO and LUMO is not possible. Therefore, the BHEPIQ molecules were arranged for calculation in relation to each other following the model of the BEPIQ molecules. However, also in this case, the modeling did not show the formation of charge-transfer complexes. Therefore, the mutual placement of the BHEPIQ molecules was optimized and the optimization results are visualized in Fig. 15 .
This energetically optimal arrangement of the BHEPIQ molecules is not centrosymmetric, and it does not lead to the overlapping of their HOMO and LUMO during the quantummechanical modeling. Nevertheless, it should be noted that the potential dimer may not represent global energy minimum.
It investigated the charge distribution in the BHEPIQ and it is shown in Fig. 15 . Distribution of the atom charges in a single molecule of BHEPIQ is analogous to the charge distribution of PIQ. Interaction of the BHEPIQ molecules causes the atom charges in both molecules to be different and they differ from a single molecule.
The charge distribution in the BHEPIQ imidazoquinazoline ring is different to that of the BEPIQ molecule (comparing Fig.  7 and Fig. 16 ). The key difference relates to atom no. 12, on which the charge located in the BHEPIQ molecule in the suggested dimer is − 0.010 or 0.014, while BEPIQ shows a more negative charge on it (− 0.103 or 0.101). Also, attention is paid to the charge of atom no. 13 BHEPIQ (0.323 or 0.042) in comparison to BEPIQ (0.140 or 0.139).
It was verified that the charge distribution of the BEPIQ molecule forming a complex with charge transfer is analogous to the distribution of PIQ charges. Charges differ little in values and they retain their characters, which can be seen by comparing Fig. 7 and Fig. 17 , e.g., carbon atom no. 9 (− 0.192 and − 0.191), carbon atom no. 11 (− 0.168 and − 0.169), carbon atom no. 13 (0.131 and 0.126), and carbon atom no. 14 (− 0.102 and − 0101).
Considering the influence of substituents on the charge distribution in the imidazoquinazoline ring, it should be noted that hydroxyethyl substituents have stronger electron donor than ester substituents. Therefore, the electron density of the BHEPIQ imidazoquinazoline ring is higher and less diversified in comparison to the BEPIQ or PIQ molecule. Carbon atom nos. 8, 9, 10, and 11 in BHEPIQ have point charges lower than − 0. A different distribution of charge in the BHEPIQ quinazoline ring and non-centrosymmetric arrangement of the molecule pair explain the lack of formation of complexes with charge transfer.
For the spatial arrangement of the BHEPIQ molecules in the crystal lattice, hydrogen bonds formed with the participation of hydroxyl groups are responsible. Molecular interactions arising from the formation of intermolecular hydrogen bonds are stronger than intermolecular interactions arising as a result of creating complexes with charge transfer [1] [2] [3] . Therefore, the hydrogen bonds are a decisive factor in the arrangement of molecules in the crystal.
In turn, the structure of the BEPIQ molecules does not allow for the formation of the hydrogen bonds. The effect of the presence of the hydrogen bonds on the BHEPIQ spatial structure is described in detail in [40] . Finally, in the crystal, the BHEPIQ molecules are packed into column stackings, as shown in Fig. 18 . The stacking's formation is further confirmed by the Hirshfeld surface depicted in Fig. 18c .
Summary of results
The crystallographic structure of 2,6-bis(ethoxycarbonylmethyl)-1-phenylimidazo[1,5-c]quinazoline-3,5-dione, i.e., the isomer's arrangement to each other and in the crystal, results from the overlapping of the molecular orbitals of the imidazoquinazoline rings of couple enantiomers, i.e., formation of complexes with charge transfer. Both the donor and the acceptor are the enantiomers of the BEPIQ diester and considering the distribution of charges in the overlap of molecular orbitals, it is virtually impossible to indicate which of the enantiomers is the donor and which the acceptor.
It has been calculated that the formation of charge-transfer complexes between the BEPIQ molecules is possible only between the two enantiomers building the crystal. The formation of the crystal by the selected pair of enantiomers is determined by the spatial structure of the single enantiomer, and precisely, the parallel arrangement of the imidazoquinazoline rings and the position of the substituents relative to the imidazoquinazoline ring, allowing a higher packing density of the molecules.
The BEPIQ enantiomeric molecules are aligned with each other in the Bhead to tail^position. In turn, the pairs of enantiomers are aligned with each other from an angle of about 68°t o form a characteristic herringbone.
In the BEPIQ crystal lattice, tunnels are formed in which the molecules of benzene-the solvent used for crystallizationhave been sealed. In this way, new inclusion compounds were obtained.
The arrangement of the 2,6-bis(2-hydroxyethyl)-1-phenylimidazo[1,5-c]quinazoline-3,5-dione molecules in the crystal results from the structural possibilities of the formation of intermolecular hydrogen bonds. The BHEPIQ molecules do not form complexes with charge transfer, and the reason is a different distribution of charges in the imidazoquinazoline ring and non-centrosymmetric arrangement compared to BEPIQ. The BHEPIQ molecules forming the intermolecular hydrogen bonds show stronger interactions compared to the BEPIQ molecules.
The BHEPIQ molecules assume a Bhead to head^position and are arranged in parallel to each other in the crystal lattice forming the stackings.
